Binary black hole mergers encode information about their environment and the astrophysical processes that led to their formation. Measuring the redshift dependence of their merger rate will help probe the formation and evolution of galaxies and the evolution of the star formation rate. Here we compute the cosmic evolution of the merger rate for stellar-mass binaries in the disks of Active Galactic Nuclei (AGNs). We focus on recent evolution out to redshift z = 2, covering the accessible range of current Earth-based gravitational-wave observatories. On this scale, the AGN population density is the main contributor to redshift-dependence. We find that the AGN-assisted merger rate does not meaningfully evolve with redshift, differentiating this channel from field binaries and some other dynamical formation scenarios.
INTRODUCTION
Observations by the LIGO and Virgo gravitationalwave detectors (Aasi et al. 2015; Acernese et al. 2014) show a high rate of stellar-mass black hole mergers of ∼ 10 − 100 Gpc −3 yr −1 (Abbott et al. 2019a) . Despite the rapidly growing number of detections, however, the origin of these black hole mergers is currently not known. Possible formation mechanisms include isolated stellar binary evolution (Dominik et al. 2012; Kinugawa et al. 2014; Giacobbo et al. 2018; Bavera et al. 2019 ) and chance encounters in dense stellar clusters such as galactic nuclei or globular clusters (Portegies Zwart & McMillan 2000; O'Leary et al. 2006; Rodriguez et al. 2015; O'Leary et al. 2016; Samsing et al. 2014; Zhang et al. 2019) .
Active galactic nuclei (AGN) represent a unique environment in which the interaction of a dense cusp of stellar-mass black holes near the galactic center (Hailey et al. 2018 ) and the dense AGN accretion disk result in dramatically altered merger rates and properties (McKernan et al. 2014; Bartos et al. 2017b; Stone et al. 2017) . As black holes orbiting the central, supermassive black hole cross the AGN disk, they experience friction that can align their orbit with the disk (Bartos et al. 2017b) . Additional black holes can be born within the AGN disk due to gravitational fragmentation (Stone et al. 2017) . Once in the disk, black holes migrate inward where their * imrebartos@ufl.edu density further increases, enabling a higher rate of interaction (Tagawa et al. 2019) .
AGN disks act as black hole assembly lines that collect and concentrate black holes in small volumes, enhancing their merger rate. The resulting rate can be a significant fraction of the total merger rate observed by LIGO and Virgo with estimates ranging within ∼ 10 −3 − 10 2 Gpc −3 yr −1 (Yang et al. 2019a; Tagawa et al. 2019; McKernan et al. 2018) .
The properties of black holes within AGN-assisted mergers are expected to be different from other formation channels, enabling observational probes. Heavier black holes will be overrepresented in mergers within AGN disks compared to the black hole initial mass function as they can more efficiently align their orbit with the disk (Yang et al. 2019a ). In addition, as multiple black holes are driven towards the same small volume within the disk, consecutive mergers of the same black hole, or so-called hierarchical mergers, are common (Yang et al. 2019b ). Such hierarchical mergers will result in characteristic high black hole spins, which will typically be aligned or anti-aligned with the binary orbit (Yang et al. 2019b; Tagawa et al. 2019) . Two particular black hole mergers recorded by LIGO-Virgo so far, GW170729 (Abbott et al. 2019a ) and GW170817A (Zackay et al. 2019) , has the characteristically high mass and aligned spin expected from hierarchical mergers in AGN disks, albeit they are also consistent with other hierarchical formation channels (Yang et al. 2019b; Gayathri et al. 2020) .
arXiv:2003.08564v1 [astro-ph.HE] 19 Mar 2020
Beyond the properties of the black holes themselves, AGNs provide other means to probe this population. Mergers in AGN disks are only expected in galaxies with active nuclei, which can be used to statistically differentiate them from other formation channels (Bartos et al. 2017a ). Additionally, merger in a gas-rich environment may produce detectable electromagnetic emission (Bartos et al. 2017b; Yi & Cheng 2019; McKernan et al. 2019) .
Here we investigated a distinct property of a binary merger population: its rate evolution with redshift. Redshift dependence can be used to differentiate between different formation channels and to better understand the underlying mechanisms that result in binary formation and merger. While the binary merger rate's redshift dependence has been previously explored for different binary formation scenarios (e.g., Fishbach et al. 2018 ), our analysis is the first such investigation for the AGN channel.
The paper is organized as follows. In §2 we examine the expected redshift evolution for different formation channels. In §3 we discuss the conversion of rate densities to detection rates. In §4 we present our results. We conclude in §5.
BINARY FORMATION CHANNELS
In this section we compute the expected cosmic evolution of the black hole merger rate density for the AGN channel, and review the expected evolution for field binaries and globular clusters from the literature.
The AGN channel
The black hole merger rate in AGNs is proportional to the AGN population density n AGN (z), where z is redshift. It can be evaluated through the AGN luminosity function (LF) φ L (L, z), which is a function of redshift and AGN luminosity L. The bolometric AGN LF can be fitted as (Shen et al. 2020) :
where T n is the n-th order Chebyshev polynomial. The best fit for the 11 parameters in this model are:
.8396, -0.2519, 0.0198; 2.5432, -1.0528, 1.1284; 13.0124, -0.5777, 0.4545; -3.5148, -0.4045}. The direct integration of φ L (L, z) will yield the AGN density n AGN (z). However, the lower end of the LF is subject to large uncertainty, thus we introduced a cutoff L min when integrating. On the other hand, the mass of SMBHs can be correlated with the AGN luminosity via:
where is the radiation efficiency of the SMBH,ṁ = M • /Ṁ Edd ,Ṁ • is the accretion rate of the SMBH, anḋ
Eq. 6 could be rewritten to give a relation between the normalized accretion rateṁ and Eddington ratio
The Eddington ratio λ is found to take to form (Tucci & Volonteri 2017) :
where f uno = 1−f obs is the fraction of unobscured (type-1) AGN and f obs is the fraction of obscured (type-2) AGN. P 1 and P 2 are the Eddington ratio distributions of type-1 and type-2 AGNs, respectively. P 1 (λ|z) follows a log-normal distribution:
with log λ c (z) = max(−1.9 + 0.45z, log(0.03)) and σ(z) = max(1.03 − 0.15z, 0.6). P 2 (λ|z) follows a gamma distribution with a cut-off at low-Eddington luminosities:
where λ 0 = 1.5 and N 2 (z) is the normalization factor. The slope of the power law part, α(z), takes the form:
We assume that the Eddington ratio distribution has a cut-off (λ l ) at low-Eddington luminosities, which is fixed to be 10 −4 in our study. Our results below are not sensitive to this choice, which we confirmed for the λ l = 10 −4 − 10 −2 range. The fraction f obs can be parameterized as a function of X-ray luminosity L X and redshift (Ueda et al. 2014) :
where f CTK is the relative number density of compton thick (CTK, log N H > 24) AGNs to that of compton thin (CTN, log N H = 20 − 24) AGNs, N H is the neutral hydrogen column density in unit of cm −2 . We assume f CTK = 1 is this work. ψ is the fraction of obscured AGNs(log N H = 20 − 22) in total CTN AGNs and can be expressed as:
where we adopt ψ max = 0.84, ψ min = 0.2 and β = 0.24. ψ 43.75 (z) can be written as:
Since f obs is dependent on X-ray luminosity, we need to convert the bolometric luminosity to the X-ray luminosity using a bolometric correction (Marconi et al. 2004 ):
log (L/L X ) = 1.54 + 0.24ξ + 0.012ξ 2 − 0.0015ξ 3 (15) with ξ = log L/L −12. lower limit of the Eddington ratio. The distribution function of λ is independent of the redshift, therefore the average Eddington ratio is a constant for z 1, as shown by other studies (Georgakakis et al. 2017) . We additionally need the BH merger rate (Γ) of a single AGN. Yang et al. (2019a) showed that several factors affect the BH merger rate, of whichṁ is the dominant one. We assumed that the mean number(N disk ) of stellar black holes in AGN disk is a univariate function oḟ m and obtained a power law fit (M • = 10 6 M , = 0.1):
We assume that the black holes in AGN disks will hierarchically merge in the migration traps (Yang et al. 2019b ) and the number of stellar black holes in AGN disks follows a Poisson distribution with mean value of N disk . Consequently, the average BH merger rate is:
where τ AGN = 10 7 yr is the AGN lifetime. We note that this dependence is different for several subdominant merger processes associated with AGNs ( see Tagawa et al. 2019 for a comparison of different contributing processes), however we found that our results below only weakly depend on the specific form of Γ(ṁ), therefore other AGN-related processes will not alter our results below. ] Figure 1 . The cosmic AGN-assisted black hole merger rate as a function of redshift for several choices of Lmin. We adopted a radiation efficiency of = 0.1. We compared their merger rate with the merger rate (dashed lines) of BBHs from globular clusters and field binaries, whose local merger rate at z = 0 is fixed to be 1Gpc −3 yr −1 . We also added the AGN density distribution (dotted dashed line) with Lmin = 10 41 erg s −1 .
Combining these above factors, we arrived at an expression for the redshift-dependence of the cosmic BH merger rate in AGN:
Here, the integral domain of the luminosity is I L = [L min , 3.15 × 10 14 L ].
We show R AGN (z) in Fig. 1 for multiple choices of L min . We see that the distribution only weakly depends on z, with a maximum around z = 0.8 which is about a factor of two greater than the minimum at z = 0. We also see that the choice of L min does not meaningfully affect the normalized redshift distribution of R AGN (z), although it does change the magnitude of merger rate density. Therefore, in the following, we adopted L min = 10 41 erg s −1 as our fiducial model.
Field binaries
We also compared our model with other formation channels. The first considered mechanism is the field binary channel. We assumed that the formation rate density of field binaries in comoving volume follows the low-metallicity star formation rate (SFR; Fishbach et al. 2018) :
(1 + z) 2.7 1 + ( 1+z 2.9 ) 5.6 γ(0.84,
where ψ MD (z) is the Madau-Dickinson SFR (Madau & Dickinson 2014) and f Z (z) is the fraction of star formation occurring at metallicity smaller than Z, γ(s, x) is the lower incomplete gamma function.
Since the binaries do not merge immediately after their formation, we adopted a time-delay model to estimate the merger rate density:
where p(t) is the distribution of time delay and t(z) is the cosmological look back time. We assumed that the time delay had a flat distribution in log space between 50 Myr and 15 Gyr. The mass distribution was assumed to be (Fishbach et al. 2018) :
where 5M < m 2 < m 1 < M max .
Globular clusters
Another channel we considered is the dynamical formation in globular clusters (e.g. Fragione & Kocsis 2018) . We found that the merger rate density at z 2 can be parametrized as R GC = 18.6 × ( 3 2 ) z Gpc −3 yr −1 . We also considered other merger rate density distribution(e.g. Rodriguez et al. 2016; Rodriguez & Loeb 2018) , but it does not change at z 2 by more than a factor 3. Thus, we adopted the exponential parameterization in our analysis. The mass function was assumed to be the same as above.
CONVERSION TO DETECTION RATE
In order to compare the expected redshift evolutions to black hole merger observations via gravitational waves, we need to convert the expected merger rate distribution R merger to detection rate distribution R det using the sensitive distance range of LIGO-Virgo.
(22) Here, V c is the co-moving volume and f (m 1 , m 2 ) is the mass function of binary black holes in AGN disks. P det (M) is the probability of an event at redshift z with detector-frame chirp mass
being detected by advanced LIGO. In our calculations, we assumed that an event is detectable when its signalto-noise ratio (SNR) is greater than 8. The SNR of a black hole merger is (O'Shaughnessy et al. 2010) :
where D L (z) is the luminosity distance corresponding to redshift z, and ω ∈ [0, 1] is a geometrical factor determined by the position and orientation of the binary system 1 . We adopt the noise power spectral density of LIGO at its design sensitivity (Martynov et al. 2016; Ajith 2011) in the evaluation of the SNR above. Yang et al. (2019a) found that the AGN disk can significantly change the initial mass function (IMF) of merging black holes. The hierarchical black hole mergers will then alter the mass distribution of binary black holes (Yang et al. 2019b ) since the mass of one component (the remnant of the previous merger) of the binary will increase as the hierarchical merging process continues. We adopted the weighted average binary mass distribution in their work(N disk = 2.5):
where P n and f n are the fraction and mass distribution of n-th generation, respectively.
RESULTS
We calculated the expected redshift distributions of detected events for the models described in Section 2 using the conversion described in Section 3. We then compared these distributions to the reconstructed cosmic evolution for black hole mergers observed through gravitational waves by LIGO-Virgo during the O1 and O2 observing periods (Model B in Abbott et al. 2019b) .
Our results are shown in Fig. 2 . We see that the expected rate evolution for LIGO-Virgo observations is currently uncertain and is essentially consistent with all three formation channel models considered here. Looking at the LIGO-Virgo distribution using its expected value, we see that the observed distribution peaks at a higher redshift than the field-binary and globular cluster channels, but at a lower redshift than our AGN model. Taking this expected distribution at face value, the observed distribution is consistent with having a 40% AGN and 60% field-binary contribution.
CONCLUSION
We computed the expected redshift distribution of the merger rate of stellar-mass black hole mergers in AGN 8M , α = 1.3, βq = 6.9, and the shaded region is the 90% credible intervals (Abbott et al. 2019b ). For the field binary channel, we assume that the formation rate density of field binaries follows the low-metallicity star formation rate and adopt a time-delay model to evaluate the merger rate density. For the dynamical mergers in globular cluster, we postulate the merger rate density RGC ∝ (3/2) z .
disks. We found that the distribution is close to being uniform out to z ≈ 1, which is distinct from our expectations for field binaries and for some other dynamical merger scenarios, such as in globular clusters. This distinct evolution, together with other differences, can help differentiate between the possible origins of binary mergers and help probe their environment.
